Abstract. Corn yield, topography and soil characteristics were sampled on a 26 ha area of a centre pivot irrigated cropland. The aim of the study was to determine relationships between corn yield, field topography and soil characteristics. The study was carried out in the Alentejo region of Portugal. Corn yield was measured with a combine harvester fitted with a grain-flow sensor and positioned by means of the Global Positioning System (GPS). A grid-based digital elevation model (DEM) with 1-m resolution was constructed and several topographic attributes were calculated from the DEM: the local slope gradient (S), profile curvature (Curv), specific catchments area (SCa), and a steady-state wetness index (W). Yield and topographical attributes were computed for areas of radius 5, 10, 25 and 50 m, being considered its maximum, minimum, range and average values. The soil was systematically sampled with a mechanical probe for a total of 109 soil profiles used for analysis of the following soil superficial (<0.30 m) characteristics: extractable phosphorous (P 2 O 5 ) and extractable potassium (K 2 O), soil pH, cation exchange capacity (CEC) and exchangeable bases. With centre pivot irrigation systems, the Wave 50 index was shown to be useful for the identification of field areas in which low corn yields may be due to lack of water. At the same time, SCa was found to be useful for the identification of field areas in which low yields are due to excess water and drainage problems. Higher positive correlation between pH, Ca and Curv were observed; calcium concentration was found on the transition areas between flat surfaces to concave ones, while lower values were detected in convex and concave areas. Topographical indexes, namely Wave 50 , SCa and Curv, can be especially helpful in site-specific management for delineating areas where crop yields are more sensitive to extreme water conditions.
Introduction
Soil characteristics play an important role in crop growth and yield. Over complex terrains, soil forming factors and erosion do not act uniformly but vary with position. Intuitively, we do not expect soil properties to be independent of one another. We would expect that what is eroded from the higher landscape positions must move downhill and alter what is described at lower lying positions.
Several researchers have attempted to increase our understanding of the biophysical factors that limit crop yield (Lamb et al., 1997; Bakhsh et al., 2000; Braga, 2000) , but most have encountered difficulties in the interpretation of the results of the studies carried out, either due to the lack of consistency of results over a series of years, or because various combinations of soil properties have not explained the observed yield variations. They also found that yield variation might not only be controlled by intrinsic soil properties but also by other extrinsic factors such as climate, management, and topography. Meanwhile, Yang et al. (1998) , showed by regression analysis that topographic attributes such as elevation, slope and aspect have significant correlations with wheat yields. Such information on spatio-temporal crop variability and its relationship to topographic features is potentially useful for site-specific crop management. The Alentejo region of Portugal, located between Lisbon and Algarve, is characterized by hot dry summers making irrigation the only way to grow corn. The undulating topography is complex in many areas, making the use of centre pivot spray irrigation difficult. Problems for irrigated corn production with centre pivot, related to spatial variability, are most concerned with the difficulty in managing these irrigation systems in the presence of complex topography rather than different spatial soil characteristics or production technology.
To maintain the same precipitation height these irrigation equipments increase the rate of application along the span from the centre to the end, which leads to increased overland flow and erosion problems as the span length increases. Associated with these high application rates is a high level of kinetic energy caused by the impact of droplets of water on the soil, which leads to the formation of a crust, decreasing infiltration (Thompson and James, 1985) , and increasing run-off and erosion. Sharma et al. (1991) showed that the detachment of soil, the first stage in crust formation, increases with the kinetic energy of water droplets.
The effect of soil and topographic attributes on yield variation may be perceived when data of these attributes are overlaid on the yield data. A geographic information system (GIS) has the capability to generate and overlay various data layers in order to relate them over space and time. Crop yield is an outcome of many complex soil and climate factors, and their effect on yield might be better interpreted through the use of map overlay capability of GIS.
The main aim of this study was to evaluate the spatial variability of sprayirrigated corn yield in the presence of complex topography and soil characteristics. Our working hypothesis was that the variability of yield, in an irrigated crop, is mainly due to topography, which redistributes the water intercepted as spray-fall in the landscape. This study addressed the main following questions: What variables in topography best explain the spatial variability of corn yield and soil chemical properties? What soil chemical properties influence irrigated corn yield?
Materials and methods
The study was carried out in Terena, which is located approximately 80 km east of É vora in the Alentejo region of Portugal. This region is characterized by an undulated topography and an average rainfall precipitation of 600 mm (20 years) with hot dry summers.
The experimental data were collected in 26 ha of an area of rolling topography in the parcel Folhinha inside of the farm Pigeiro. The study area has a long history of agricultural use (Table 1 ) with a recent increase in cropping use.
Soils are classified mainly as Calcaric Regosols, Calcaric Cambisols and Luvisols (FAO, ISRIC, ISSS 1998) . Dominant parent materials are limestone, schist associated with calcareous deposits, schist and colluvial deposits. The calcareous deposits are located in higher areas (hilltops) and schist associated with calcareous deposits in the surrounding mid-slope positions. Schists are also found on mid-slopes and at the base of some hill-slopes. Colluvial deposits of medium to fine texture, sometimes with carbonates and sometimes with a large proportion of coarse material, are located in areas with convergent hill-slopes (near streams), mainly below mid-slopes and in valley floors. The study involved three components: (I) automatic monitoring of corn yield, (II) a topographical survey of the area, and (III) a soil survey.
(I) A CASE combine harvester with a AFS -CASE IH system obtained sitespecific measurements of grain yield and grain moisture at harvest. Yield data were collected within a single irrigated field (Figure 1 A grid-based digital elevation model (DEM) with 1-m resolution was constructed by importing the point elevation data obtained from the topographic survey to ArcView software (ESRI, 1999) . With the point data an irregular network of triangles (TIN) was calculated. This vector information was converted into a raster DEM by using the grid-based geographic analysis module ''Spatial Analyst v1.1'' (ESRI, 1999) .
Using ArcView, the following topographic attributes were calculated from the DEM: the local slope gradient (S), profile curvature (Curv), specific catchments area (SCa), and a steady-state wetness index (Moore et al., 1993a) . Slope describes the rate of elevation change, and it is defined as the first-order derivative of the DEM. The tangent of the slope was calculated as a ratio of difference in elevation between the centres of adjacent cells to the horizontal distances between them. The slope for each cell was obtained based on a set of 3Â3 neighbouring cells using the average maximum technique (Burrough, 1986 ) and was measured in degrees. The profile curvature describes the acceleration or deceleration of water flow over a surface, negative curvatures correspond to concave surfaces or depressions, while convex surfaces, or hills, were described by positive curvatures. The ArcView procedure calculated the curvature at each cell by fitting the fourth-order polynomial to the surface composed of 3Â3 neighbouring cells. The specific catchment area is proportional to the discharge per unit width assuming that steady-sate conditions prevail. For grid structures, the specific catchments area can be obtained by dividing the catchment area of the cell by the effective contour length. Flow accumulation was DA SILVA AND ALEXANDRE defined as the total number of cells contributing to water inflow into a given cell and was calculated according Jenson and Domingue (1988) . The SCa was measured in m 2 m )1 . The steady-state wetness index is given by W=ln(SCa/S), where SCa is the specific catchments area (m 2 m )1 ) and S the slope angle (degrees). W is a hydrological-based compound index and has been used to characterize the spatial distribution of surface saturation and soil water content in landscapes (Moore et al., 1988 (Moore et al., , 1993b . One of the applications of upslope or contributing area is for the prediction of the location of ephemeral gullies (Thorne et al., 1987 , Moore et al., 1988 . Moore et al. (1988) state that ephemeral gullies can be formed when: SCaAES>18 and ln(SCa/S)>6.8.
Analysis of topographical variables was carried out for 109 points based on the coordinate of the sample point and with circle radii of 5, 10, 25 and 50 m around the sample point. A database was thus constructed with minimum, maximum, range and average values for the following variables: yield, percentage gradient, specific (Table 2) . In order to resize the variables, these were normalized, taking into account the following equation: x n =(x i )" x)/s, where x n is the normalized variable, x i the variable value that we want to normalize, "
x the variable average and s the variable standard deviation.
(III) The soil was systematically sampled with a mechanical probe that resulted in 109 soil profiles (Figure 2) . Each sample was a cylinder, 9.5 cm in diameter and a maximum of 120 cm deep. Soil variables used for this study were based on the analysis of soil superficial (<0.30 m) characteristics in accordance with the following methodologies: extractable phosphorous (P 2 O 5 ) and extractable potassium (K 2 O) were both determined by the Egne´r-Riehm method (Riehm, 1958) and are expressed in mg kg )1 ; soil pH was determined in a 1 to 2.5 soil/water suspension; cation exchange capacity (CEC) and the exchangeable bases-Calcium (Ca), Magnesium (Mg) and Potassium (K)-were determined by extraction with ammonium acetate buffered at pH 7.0 (Black, 1965) and are expressed in meq/100 g, or cmol(+) kg )1 . Data collected were first subjected to classical statistical analysis to obtain descriptive statistics such as mean, range, standard deviation, standard error, and normality. Trend was removed from yield, elevation and soil data (Desmet, 1997) .
Semivariogram analysis (Table 3) and kriging were performed with an ArcGIS (ESRI, 2001) geostatistical extension. The model fitting was based on the following items: (a) mean error close to zero; (b) root-mean-square error and average standard error as small as possible and (c) root-mean standardized error close to 1. The final stage consisted in producing yield and soil variables surfaces using a kriging estimator (Figures 1 and 3) . Results and discussion
Yield and topography
The variogram directional ranges for yield varies between 170 and 280 m with the direction of higher continuity of 136°. A spherical variogram model was fitted to the empirical variogram obtained. An attempt was made initially to carry out multivariate analysis between absolute yield data and variables curvature, Curv, specific catchments area, SCa, steady-state wetness index, W and percentage slope, S. Steady-state wetness index (Wmin 50 ) gave the highest correlation with average yield accounting for 47.5% (P<0.05) of the variation in Yave 50 (Yave 50 =0.69ÂWmin 50 ). By definition, the spatial distribution of the steady-state wetness index (W), that characterizes water flow paths, also shows the potential for differences in soil available water within complex landscapes.
Values of the Wave 50 <5.2 corresponded with areas in which values of Yave 50 were least (Figure 4) . Additionally, consulting Figure 2 one can observe that theses areas are the ones with the highest S. In our opinion, it is reasonable that S should correlate negatively with yield due to the fact that on the areas with the highest slope, water is likely to run off, especially since the irrigation system is capable of a rate of delivery exceeding the soil infiltration capacity. This indicates that the W index could provide an excellent index for diagnosis of low yielding areas negatively affected by a lack of moisture.
With this type of irrigation system the relationship between SCa and yield depends on size of catchment area. Under drought conditions, yield will rise as SCa increases because the opportunity of getting runoff water from the upper positions is greater. For the same reason, if there is water in excess, yield will fall as SCa increases. This indicates that SCa may, also, provide a useful index for identifying areas that experience low yields due to problems of excess water created by surface run-off from higher areas ( Figure 5 ). In this case, SCaave 50 values above 200 m could indicate areas in which yield is negatively affected by problems of excess water. Note: All the variables were represented by a spherical model. Figure 3 . Yield and soil properties surfaces for site A.
SPATIAL VARIABILITY OF IRRIGATED CORN YIELD
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Soil properties and topography
Significant (P=0.05) correlation coefficients between yield, soil properties and topographical land features are shown in Table 4 . Slope and curvature were generally better correlated with soil properties than either specific contributing area or steady-state wetness index. We detected negative correlations for K 2 O-S and K-S which can be partially explained by the negative correlation with CEC-S. We also observed higher positive correlation between pH-Curv and Ca-Curv (Table 4 ). Higher calcium concentration was found on the transition areas between flat surfaces to concave ones (Table 5, Figure 6 , curvature classes 6 to 8), while lower values were detected in convex and concave areas (Table 5, Figure 6 , curvature SPATIAL VARIABILITY OF IRRIGATED CORN YIELD classes 1 to 3 and 10). However, some caution is needed to interpret the extreme classes because they also include the extreme curvature values. The same interpretation can be done for pH which follows the same pattern as calcium. This pattern can be in agreement with the work of Changere and Lal (1997) , which have found high pH levels and calcium concentration at higher landscape positions. One of the main reasons for this pattern has to do with shallow soils in the top of the hills together with the fact that, in these areas, calcareous soils are concentrated mainly in the top of the hills.
Higher concentrations of magnesium were observed in depressions with the exception of class curvature 10 ( Figure 6 ). This is a complementary pattern of Ca and is shown by the negative correlation with curvature (Table 4) and by the Mg-Curv plot (Figure 6 ). The position of phosphorous in the landscape is difficult to interpret due to the data dispersion (Table 5) ; this can be related with management practices that traditionally follow localized fertilization. Table 4 shows that cation exchange capacity and exchangeable potassium, among the soil properties studied revealed to be the most consistent positive source that influenced yield, though not the unique. Since the soils in this study had relatively high concentrations of phosphorous and potassium, these nutrients probably were not limiting to plant growth and likely played a minor role in yield variability. Multiple regression analysis showed that soil properties explained 33% of the observed yield variability.
Soil properties and yield
Conclusion
Some problems connected with low yields of irrigated crops may be due to topographic complexity and the type of irrigation system used. With centre pivot spray irrigation systems, the Wave 50 index was shown to be useful for the identification of field areas in which low yields may be due to lack of water. At the same time, SCa was found to be useful for the identification of field areas in which low yields are due to excess water and drainage problems. Topographical information can be especially helpful in site-specific management for delineating areas where crop yields are more sensitive to extreme water conditions.
